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Abstract: 
 
A reagentless amperometric sensor highly sensitive to H2O2 has been prepared by incorporating 
fumed silica, horseradish peroxidase (HRP) and Meldola Blue into carbon paste. The efficient 
mediating ability to shift electrons between HRP and the carbon paste electrode via Meldola 
Blue was investigated by cyclic voltammetric and amperometric measurements. Reproducibility, 
response time, detection limit, selectivity and effects of applied potential, temperature and pH on 
the response of the sensor are reported. The high sensitivity of the sensor with a detection limit 
of 0.1 μmol/1 arose from the high efficiency of the bioelectrocatalytic reduction of hydrogen 
peroxide via HRP and Meldola Blue. The dependence of the Michaelis-Menten constant on the 
applied potential and the mediator concentration has been investigated and the results are 
presented. 
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1. Introduction 
 
Incorporation of enzymes and mediators into carbon paste matrices represents an attractive 
approach to the preparation of reagentless biosensors [1-5]. Carbon paste is a mixture of graphite 
powder and an organic liquid. The pasting liquid is immiscible with contacting aqueous solutions 
and includes paraffin oil, vaseline oil, nujol, silicon oil and seresin wax, which functions to fill 
up the gaps between the graphite particles and insulate the graphite from the contacting aqueous 
solution. The surface coverage of a variety of components can readily be manipulated by varying 
the weight of the modifier added to the paste mixture. The carbon paste-based biosensors possess 
many advantages including extremely low background currents, a wide operating potential 
window, conventional modification, renewability, miniaturization and low cost. In this paper, 7-
dimethyl-amino-1,2-benzophenoxazinium salt (Meldola Blue) was used as an effective electron 
donor for horseradish peroxidase in a carbon paste configuration. Meldola Blue has already been 
employed for the electrocatalytic oxidation of reduced nicotinamide adenine dinucleotide 
(NADH) [6-8]. Moreover, due to its ability to mediate the oxidation of NADH, it has widely 
been applied to the preparation of various NAD +-dependent dehydrogenase-based biosensors 
for many substances such as glucose, L-lactate and ethanol [8-10]. In addition, Meldola Blue has 
also been utilized to shift electrons between glucose oxidase [11] or lactate oxidase [12] and the 
carbon paste electrode. These sensors possess a good selectivity compared with those employing 
other mediators such as ferrocene and tetrathiafulvalene, because the low redox potential of 
Meldola Blue is particularly useful for reducing the interference from electroactive species such 
as ascorbate and uric acid. As far as we know, the efficiency of electron transfer between 
horseradish peroxidase (HRP) and the carbon paste electrode via Meldola Blue has not yet been 
reported. In the following, the analytical performance of HRP-based carbon paste biosensors was 
improved by incorporating fumed silica, HRP and Meldola Blue into the paste matrix because of 
a prolonged retention of HRP and Meldola Blue at the silica particles. Cyclic voltammetric and 
amperometric measurements were employed to demonstrate the suitability of Meldola Blue as an 
electron transfer mediator in the bioelectrocatalytic reduction of hydrogen peroxide via HRP. 
The characterization of the sensor in terms of linearity, reproducibility, pH and temperature 
dependence, stability, selectivity and response time was investigated. The effect of the amount of 
Meldola Blue and the applied potential on the Michaelis-Menten constant  was also 
examined. 
 
2. Experimental 
 
2.1 Reagents 
 
Meldola Blue was obtained from Aldrich, Peroxidase from horseradish (HRP) (EC 1.11.1.7, type 
VI) and fumed silica (particle size 7 nm, specific area 400 m 2/g) were purchased from Sigma. A 
solution of Eastman-AQ-55D polymer (28% dispersion) was obtained from Eastman Kodak Co., 
graphite powder from Fluka and paraffin oil from Merck. Hydrogen peroxide (30% wry solution) 
was purchased from Shanghai Chemical Reagent Company. The concentration of the dilute 
peroxide solutions was determined by titration with cerium (IV) to a ferroin end-point [13]. The 
rehydrated fumed silica was prepared according to [9]. The buffer and other chemicals were of 
analytical-reagent grade. 0.1 mold potassium phosphate buffer solution was used. 
 
2.2 Preparation of the carbon paste biosensor for hydrogen peroxide. 
 
The carbon paste biosensor was prepared by first mixing 25 mg HRP with 130 mg graphite 
powder, 60 mg rehydrated fumed silica and 85 mg paraffin oil, for 6 min. The desired amount of 
Meldola Blue was then added and mixed with the above mixture for 10 min. A platinum wire 
was inserted into a glass tube (2.5 mm in diameter) leaving a hole 2.0 mm deep. The resulting 
carbon paste was packed into the hole and the electrode surface was smoothed on a weighing 
paper placed over a flat glass stand. Eastman-AQ coating was cast by dipping the carbon paste 
electrode into Eastman-AQ (1:20 (v/v) Eastman-AQ: water) polymer solution, letting it dry in 
air. Other paste formulations were prepared in a similar way.  
 
2.3 Apparatus 
 
All experiments were performed with a three-electrode configuration comprising a carbon paste 
biosensor as a working electrode, a saturated calomel reference electrode and a platinum wire 
auxiliary electrode. The electrodes were connected to an FDH 3204 and FDH 3206 cyclic 
voltammetry apparatus (Scientific Equipment Company of Fudan University, China) and the 
signal was recorded on a type 3086 x-y recorder (Tokyo, Japan) for cyclic voltammetric and 
amperometric measurements, separately. All experiments were carried out in a thermostatted, 
stirred electrochemical cell containing 5 ml of 0.1 moll phosphate buffer (pH 7.0) at 20.0 ± 
0.5°C. In the constant potential experiments, the current time response was recorded following 
successive additions of stock H2O2 solution to the buffer after a constant residual current had 
been established. Changes in the measured reduction current were recorded as function of time, 
following the addition of H2O2. The sensor response was measured as the difference between 
total and residual current. 
 
2.4 Calculation of the Michaelis-Menten constant 
 
The apparent Michaelis-Menten constant  can be determined from the electrochemical 
Eadie-Hofsttee form of the Michaelis-Menten equation [14] 
 
 
 
where the steady-state catalytic current, stands for the maximum current measured under 
saturated substrate conditions, C is referred to the H2O2 concentration and  represents the 
apparent Michaelis-Menten constant of the system as a whole, not that of an intrinsic property of 
peroxidase.  
 
3. Results and discussion 
 
3.1 Bioelectrocatalytic reduction of hydrogen peroxide 
 
In the absence of hydrogen peroxide, HRP gives no response. Only Meldola Blue in carbon paste 
produces voltammograms consistent with a quasi-reversible electron redox agent, because both 
the cathodic and anodic peaks of Meldola blue are proportional to the square root of the potential 
scan rate ranging from 20 to 160 mV/s, and the peak-to-peak potential separation is less 
than 190 mV. Meldola Blue displays a formal potential (E °) of - 110 mV vs SCE at pH 7.0. 
However, addition of hydrogen peroxide to the cell brings about a significant increase of the 
cathodic peak current and a decrease of the anodic peak current. Comparison of the 
voltammograms in the absence and the presence of hydrogen peroxide demonstrates that 
Meldola Blue efficiently enhances the electron communication between HRP and the carbon 
paste electrode in the bioelectrocatalytic reduction of hydrogen peroxide. HRP catalyzes the 
H2O2 reduction according to the following scheme [15-17]: 
 
 
 
 represent the reduced and oxidized forms of the electron transfer mediator, 
respectively. Hydrogen peroxide oxidizes the native form of HRP in a single two-electron 
process, bringing about the formation of an unstable intermediate, compound I, consisting of a 
 radical heme with Fe(IV) to which an oxygen atom is coordinated ([Fe(IV) = O]•+). In 
two separate one-electron transfer reactions, compound I is reduced back to its native form 
HRP(Fe3 + ) through an intermediate state denoted compound II, which has heme with Fe(IV) to 
which OH is coordinated ([Fe(IV)OH]). In the case of HRP, the electrons necessary to close the 
enzymatic cycle can be donated by an electron transfer mediator or by direct electron transfer 
from the electrode to the heme site of the HRP in intimate contact to the conducting surface 
without a mediator. The electron transfer mediators employed for the HRP-based biosensors 
include ferrocene and its derivatives [18,19], osmium bipyridine conjugated to 
poly(vinylpyridine) polymer [19], ferrocyanide(II) [20], [Ru(NH3)5 py]2 + [21], o-
phenylenediamine [22], tetrathiafulvalene [23], nickelocene [24] and tetracyanoquinodimethane 
salts [25] and quinone [26]. A typical trace of the steady-state current-time response of the sensor 
at an applied potential of - 0.20 V (vs SCE) shows that a subsequent addition of hydrogen 
peroxide to the solution provokes a sharp increase in the reduction current and that the response 
time is satisfactory, with the 95% steady-state response being achieved in less than 30 s, 
indicating that the sensor exhibits excellent bioelectrocatalytic activity to reduce hydrogen 
peroxide. Rapid response of the sensor to H2O2 is due to the highly effective ability of Meldola 
Blue to mediate the electron transfer between HRP and the carbon paste electrode. An extremely 
low detection limit of 1.0 x 10-7 moll can be estimated at a signal-to-noise ratio of 3. 
 
3.2 Effect of the amount of Meldola Blue on the biosensor 
 
Figure 1 shows the calibration curves for the biosensor. With the same amount of HRP, the 
concentration of Meldola Blue is the decisive factor in determining the sensitivity of the 
biosensor. Although direct electron transfer between HRP and the fumed silica-modified 
carbon paste electrode without mediator is observed, a comparison of the Meldola Blue-modified 
carbon paste biosensor for H2O2 with one without mediator based on the same amount of HRP 
and fumed silica in the carbon paste, indicates that the Meldola Blue modified biosensor 
produces an approximately 5- to 15-fold higher reduction current than one without mediator. 
These facts indicate that in general the direct electron transfer between HRP and common 
electrode materials is a slow process and that the mediated electron transfer is more efficient in 
the bioelectrocatalytic reduction of hydrogen peroxide at the HRP-modified electrode. The 
dependence of the Michaelis-Menten constant on the amount of Meldola Blue is 
summarized in Table 1. The enhancement of the sensitivity and Michaelis-Menten constant  
with the amount of Meldola Blue is due to reinforced mediating ability. 
 
 
 
 
3.3 Dependence of the biosensor on the applied potential 
 
Figure 2 depicts the dependence of the biosensor current on the applied potential, indicating that 
the latter greatly affects the sensitivity. The enhanced sensitivity and linear range of the sensor 
with decreasing applied potential results from an increased driving force for the fast reduction of 
compound I and II. The Michealis-Menten constant of the sensor depends on the applied 
potential and increases from - 200 to - 300 mV (vs. SCE). The Michaelis-Menten constants 
 of the biosensor composed of 16% Meldola Blue are 1.68, 1.82 and 1.98 at applied 
potentials of - 0.20, - 0.25 and - 0.30 V, respectively.  
 
3.4 Effect of pH and temperature on the sensor 
 
The pH profile of the response of the sensor to hydrogen peroxide is shown in Fig. 3. An optimal 
pH of 6.5 was found, which reflected both the enzymatic and mediated electrochemical reactions 
in the carbon paste. 
 
The effect of temperature on the sensor has been investigated between 10 and 55° C. The 
sensitivity increases with temperature, reaching a maximum value at 45° C. Further increasing 
temperature results in a decrease of the response current because of partial denaturation of the 
enzyme. 
 
 
 
3.5 Interferences 
 
Investigations were made into the susceptibility of the biosensors to a range of possibly 
electrochemically interfering compounds by comparing the response of these compounds with 
that of 0.5 mmol/l H2O2 in 0.1 mol/l phosphate buffer. L-Tyrosine (0.2 mmol/1), L-lactate (0.5 
mmol/1), galactose (5.0 mmol/l), L-leucine (0.2 mmol/1), L-cystine (0.2 mmol/1), L-tryptophan 
(0.2 mmol/1), L-cysteine (0.2 mmol/1), L-aspartic acid (0.2 mmol/1), L-histidine (0.2 mmol/l), 
glucose (5.0 mmol/1), uric acid (0.2 mmol/1), ascorbic acid (0.01 mmol/1) and L-glutamic acid 
(0.2 mmol/1) do not cause any observable interference with the determination of H2O2. Because 
of the Eastman-AQ polymer coating, a highly negatively charged polymer, anionic electroactive 
species such as uric acid and ascorbate are prevented from reaching the surface of the biosensor 
due to the charge repulsion between these compounds and the coating, and the interference from 
these species is suppressed. However, without the Eastman-AQ polymer coating, addition of 
ascorbic acid results in a decrease of the bioelectrocatalytic reduction currents, which may result 
from the reduction of the oxidized form of Meldola Blue and compound I and II by ascorbic 
acid. In addition, uric acid, a ubiquitous electroactive biomolecule, does not display any response 
at this biosensor without Eastman-AQ polymer coating.  
 
3.6 Stability of the sensor 
The storage stability of the sensor stored dry at 4°C has been examined by periodically checking 
its relative activity. The activity is maintained by 92.5% for a month and 81.6% for two months. 
This satisfactory operational stability was observed (indicated by the reproducibility of 3.6% and 
3.1% relative standard deviations) by recording over 25 successive assays of 0.2 and 0.5 mmol/1 
H2O2, respectively. The improved operational stability is due to a prolonged retention of HRP 
and Meldola Blue at the fumed-silica particles because of their huge surface area. 
 
4. Conclusion 
 
We have demonstrated that incorporation of fumed silica, HRP and Meldola Blue into carbon 
paste matrices greatly enhances the stability due to a prolonged retention of Meldola Blue and 
HRP. The sensor displays high sensitivity to hydrogen peroxide because of its high efficiency of 
bioelectrocatalytic reduction of hydrogen peroxide via Meldola Blue, an electron transfer 
mediator. We have applied this configuration to the design and preparation of a bienzyme system 
combining HRP with many oxidases for glucose, cholesterol, amino acids, glutamate, L-lactate, 
choline and uric acid. In addition, we have found that a series of compounds, such as methylene 
blue, phenazine methosulphate, cresyl fast violet, methylene green, catechol violet, methylene 
violet, brilliant cresyl blue, toluidine blue and new methylene blue N, are also able to enhance 
the electron communication between immobilized HRP and the carbon paste electrode. These 
results will be reported elsewhere.  
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